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Abstract 

A review is given of nucleon instability in SUSY models. The mini- 
mal SU(5) model is discussed in detail. 

1. Introduction: 

We begin by discussing proton instability in non-supersymmetric grand 
unification. The simplest unified model that accomodates the electro-weak and 
the strong interactions is the SU(5) model[||] and the instability of the proton 
arises here from the lepto-quark exchange with mass My. The dominant decay 
is the e^TT^ mode and its hfetime can be written in the formpÍ 



r(p ^ e+vr'^) ^ , T', ^ ^ J ^lO^^^^^yr 



^3.5 xlQ^^GeV 
The current experimental hmit of this decay mode is0 

t{p e+7r°) > 9 X lO^^^^r, (90%CL) (2) 

In non-SUSY SU(5) the e+vr'^ mode has a partial lifetime of r(p e'^ir^) < 
4 X lO^^+^ yr.Thus the non-SUSY SU(5) is ruled out because of the p-decay 
experimental limits. It is expected that the Super Kamiokande will increase 
the sensitivity of this mode to 1 x 10^^ [Q. That would imply that theoretically 
the e"'"7r° mode would be observable if My < 5 x 10^^ GeV. In supersymmetric 
grand unification current analyses based on unification of couplings constants 
already put a constraint on Mq of about 10^^ 0. Thus it seems not likely 
that the e'^Tí^ mode would be observable in supersymmetry even in the next 
generation of proton decay experiments. Infact, reasonable estimates indicate 
that t{p e+7r°) > 1 x lO^^+^yr. 

In supersymmetric unification the dominant instablity of the proton arises 
via baryon number violating dimension five operators|^, |^, H, In SUSY 



1 



SU(5) operators of this type arise from the exchange of Higgs triplet fields 
and they have chiral structures LLLL and RRRR in the superpotential after 
the superheavy Higgs triplet field is ehminated. The main decay mode of the 
proton in these models is t{p — ^ uK).The current experimental hmit for this 
decay mode is0 

t{p vK) > 1.0 X lO^V (3) 

It is expected that Super Kamiokande wiU reach a sensitivity of 2 x 10^^ yr[@] 
while ICARUS will reach a sensitivity of 5 x 10^^ yr|l3- Thus it is an inter- 



esting question to explore to what extent the new generation of proton decay 
experiments will be able to test SUSY unified models.Actually we shall show 
that, unlike the prediction for the e~^7T^ mode, it is not possible to make any 
concrete predictions for the uK mode in SUSY models without inclusion of 
the low energy SUSY mass spectra which depends on the nature of super- 
symmetry breaking. Such an explicit supersymmetry breaking mechanism is 



provided in supergravity grand unification|ll, O], but not in MSSM.Thus it 



is only in supergravity grand unification|Tl| that one can make detailed mean- 
ingful predictions of proton decay lifetimes. 
2. GUT Varieties 

Even within supersymmetric framework there are many possibilities that 
may occur. The simplest of these is the minimal SU(5) model. However, 
one can have extended gauge groups such as SU(3)'^, SO(10),...etc. and also 
string inspired models such as SU(5) xU(l)||13||.There has been several works 
in the literature where there is a suppression of dimension five proton decay 
operators.There are a variety of ways in which a suppression of p-decay can 
occur|]l3|, |l^, [l^. One possibility is that matter is embedded in some unusual 



fashion in the basic particle multiplets. Such a situation arises in the fiipped 

SU(5)xf/(l) model where one has an interchange u < > d and e < > v 

relative to the usual embeddings. The other possibilty is the presence of some 
discrete symmetry which might forbid the baryon number violating dimension 
five operators. In the following we discuss the condition that would forbid 
such operators in the general case. Let us assume that one has several Higgs 
triplets 1,2,.,N that couple with the matter fields. We make a field redefinition 
so that the linear combination that couples with matter is labelled Hi,Hi 
while the remaining Higgs triplet field have no couplings. We may write their 
interactions in the form 

H,,r + K^H^ + H^^Mt^Hjy (4) 
where J and K are given by 

r = x^yM^y, K, = xh^y^uvMy^M'^^ (5) 
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Now the condition that the dimension five operators be suppressed is given 
by@ 



(M-^)n = (6) 

Of course satisfaction of the above condition would require either a finetun- 
ing or a discrete symmetry.lt is generally found that the imposition of discrete 
symmetries can lead to unwanted hght higgs doublets or hght Higgs triplets[|17| 
which would spoil the consistency of the unification of couphngs with the LEP 
data. It is possible that string theory may generate the desired discrete sym- 
metries which suppress proton decay without producing undesirable features 
alluded to above.However, more generally one can expect proton decay to occur 
in both supergravity and string models. The detailed nature of proton decay 
modes, their signatures and partial lifetimes would depend on the specifics of 
the model. 

Another problem that surfaces in supersymmetric unified models is that 
of the doublet-triplet splitting. That is one needs a mechanism that makes 
the Higgs triplets which mediate proton decay heavy and the Higgs doublet 
which generate electro-weak breaking light.NormalIy one simply finetunes the 
parameters to generate this splitting. Other possibilities consist of the so called 



missing partner mechanism[jT8|, where one uses 75 , 50 and 50 representations 
in SU(5) instead of the usual 24 plet to break SU(5). Here 50 contains a (3, 1) 
and the 50 contains a (3,1) part in SU(3) xS'[/(2) decomposition but no (1,2) 
pieces. Thus the Higgs triplets from the 50 and 50 will match up with the 
Higgs triplet states from the 5 and 5 when the 75 plet develops a superheavy 
VEV, leaving the Higgs doublets light. More recently a mechanism has been 
dicussed in the literature which makes use of higher global symmetries such 
as SU(6) in the GUT sector which lead to light Higgs as pseudo-GoIdstone 
doublets|]l9| when the local SU(5) symmetry breaks.However, there is as yet 
no complete model which also gives acceptable pattern of masses to fermions 
for this mechanism.Several other mechanisms have also been discussed mostly 



in SO(IO) frameworkspn, B^, |22| and make use of vacuum alignment, discrete 



symmetries etc to achieve the doublet-triplet splitting. In the following we 
shall assume that the doublet-triplet splitting is resolved and discuss the case 
of the minimal SU(5) model in detail . 
3. Nucleon Instability in Supergravity SU(5) 

We discuss now the details of proton decay in the minimal SU(5) model 
to get an idea of the sizes of the lifetimes of the various decay modes. The 
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invariant potential of this model is given by 

Wy = -^fu,euv^.yH^MrMfy + h^.HM^M^ (7) 

Here the Mj-i^M^^ stand for the three generations(i=l,2,3) of 5,10 plet of 
quarks and leptons and Hi^H^ are the 5,5 plet of Higgs which give masses 
to the down and up quarks. After spontaneous breaking of the GUT group 
SU(5)-^ SU{?>) X SU{2) X f/(l) and integration over the heavy fields one has 
the effective dimension five operators with baryon number violation given by 
L5 = L^s + Lf where[0, § 

1 

L5 = -J^eabc{PflV)y{fÍ)kl{ÜLb^dLcMíÁyUL)al - ^ldLal) + -.) + H .C. 

Lf = -jjeabc{V^f^),j{PVf'')M{e'n,URajÜRckdRbi + ...) + H.c. (8) 

Here the Yukawa couphngs are related to the quark masses m" and m'^ 

as 

m'l = frsin2ew/e)Mzsinf3 

mf = ff{sin2ew/e)Mzsin(3 (9) 

where e^ is the Weak angle and /5 is defined by tanP = ^ where =< H^ > 
and vi =< Hf >. Further, V is the Kobayashi-Maskawa (KM ) matrix and P 
is a diagonal phase matrix with elements 

ñ = {e'^'), E7. = 0; t = 1,2,3 (10) 

i 

The dimension five operators must be dressed by the exhange of gluinos, 
charginos and neutrahnos to produce dimension six operators which produce 
proton decay Of all these exchanges the chargino exchange is the most domi- 
nant and is governed by the interaction 

LZ = '-^{cos-f^m + sm7_W^2)(V^7°t¿L)^ - ^g2{2cos(3Mw)-' 

{Ecos-f+Wi - sin-f+W2){Vm'^-f^dii)i (11) 

where 7± are defined in the text preceding eq(30). The dressing loop diagrams 
which convert dimension five into dimension six operators also include squark 
and slepton exchanges. However, the sfermion states that are exchanged are 
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not pure L or R chiral states. As will be discussed later, in Supergravity one 
has soft susy breaking terms which mix the L and the R terms so that one has 
a (mass)^ matrix of the form 

^"Íruí m'i{Auimo - fictn(3) 

m^iAuimo — iJictn(3) mj 

''Lui 

where A, fi are parameters which wiU be discussed in sec5. The mass diagonal 
states are denoted by the scalar squark fields íí¿(i_2).These are related to the L 
and R chiral states as 

ÜRi = cos6uiüii + sin6uiüi2, üu = -sin^uiün + cos6uíÜí2 (13) 

where 6ui is defined by 

sin26ui = -2mui{Auimo - fxctnP) / (ml-^ - m^.^) (14) 

The chiral structure of the dimension six operators involves operators of the 
type LLLL, LLRR, RRLL and RRRR. Of these it is the operators of the first 
type,i.e., LLLL which are the most dominant. In general one finds many SUSY 
decay modes for the proton,i.e., 

üiK^ , üi'K'^ ; i = e,fi,T 
e+/í°,/i+fí°,e+7r°,/i+7r°,e+r/,/i+r/ (15) 

The dependences of the branching ratios on quark mass factors and on KM 
matrix elements is shown in Tablel.Also exhibited are the enhancement fac- 
tors, denoted by yf' etc, from the third generation squark and slepton exchange 
contributions in the dressing loop diagrams. 



Table 1: lepton + pseudoscalar decay modes of the proton ^ 



SUSY Mode 


quark factors 


CKM factors 


3rd generation enhacement 


l^eK 


m^mc 


^11^21^22 


(l + yf) 




mgmc 


V21V21V22 


(1 + yf) 


v^K 


mbmc 


V31V21V22 


(1 + ) 


Z/eVr, Z/eí/ 


mamc 


^^11 >^21 


(i + yf) 




m^mc 


T/'l' T/2 

1^21 1^21 


(i+í/r) 




m^mc 




(i+í/r) 


eK 


m^mu 


n\^12 


(i+^n 


fiK 


msmu 




(1 - v^i2v^2\ - ) 


evr, erj 


m^mu 




(i-viiv/i-í/r) 




msmu 




(1 + Vu) 
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The dependence of y factors, which contain the third generation contri- 
butions, on quark masses and KM matrix elements is shown in Table2. The 
factors Re, R^, etc that enter in the evaluation of y in table2 are the dressing 
loop integrals and their explicit form is given in ref.|P] 



Table 2: Third generation factors. 





t!VcLlU.cLLlUii Ui y 




f?, mt V31 V32 p 

Pn m Voi TAo ^ 

^9. ii'^c y9A y9.9. 


yf 


fa mt 1/31 1^32 p 

P2m.V2,y22^M 


yf 


f3 mt Vai V32 
P7. m,cV?,\ Vm 


yi 


P2 mcKf, 


yt 


P3 mtV^^ T3 

P2 mcv;\ -^/^ 


yf 


P3 '"t^-í p 
P2 mcy,2 -n-T 


yf 


P3 míVs^VíjsV^^i D/ 
Pi m„yi2 -"-e 


yf 


P3 »7ltV2\V32V33V3\ D, 
Pi m„ 


y': 


P3 mt ^31^33^3^^^ T-," 
Pi m„ 


y'; 


P3 mtV^^K/i n" 
Pi m„yi, -^M 



From tables 1 and 2 one finds that there is a hierarchy in the partial decay 
branching ratios of these modes which can be read off from the quark mass 
factors and the KM matrix elements. In making order of magnitude estimates 
for lifetimes it is useful to keep in mind that 

muVii : meFsi : mtV^i ^ 1 : 50 : 500 (16) 

One can then roughly order the partial decay branching ratios for the various 
modes listed in tablel as follows 

BR{fiK) » BR{nK),BR{fxn) » BR{fin) 
BR{vK) > BR{ijn) > BR{IK) > BR{Itt) 
BR{v^K) > BR{v^K) > BR^ü^K), BR{u^n) > BR{ür^) > BR{üe^) (17) 

One finds from the above that the most dominant decay modes of the proton 
are the vK modes.The dimension six operators which govern these are given 

by0,i 

L^{N ^ ü,K) = [{a2)\2MM^sin2(3)-^P2memyiV2iV22][F{c, d„ W) + F{c, 
d„ W)] + ([1 + yf + {y~g + yuMez)ó^2 + Af ]af + [1 + yf - {y^ - 

y¿)6,2 + Af + (yiiRhÍ + y?^ Í3i)6r,){18) 
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In the above af '^, /3j'^ are defined by 

= €.ahc{daLl^UbL){ScLl^l^iL) (19) 

and af- = af{dL,UL — »• dR,UR), and pj^'^ = af'^{d < > s). Further yj^ gives 

the dominant contribution from the third generation and is defined by[^ H 

tK ^ P2. m,VM2 F{i, d,, W) + F{i, é„ W) 

where the functions F are dressing loop integrals and would be defined exphc- 
itly below. The remaining contributions represented by Af^, Ug { from gluino 
exchange) and í/¿(from neutrahno exchange) are aU relatively smaU. 

The decay branching ratios of the p into the ViK modes are given by the 
relation 

T{p^v,K^) = {^f\Am\C (21) 

where (3p is the three quark - vacuum matrix element of the proton and is 
defined by 

^Ul = eahceap < 0\d:y,j^u:L\p > (22) 



The most recent evaluation of /5p is from lattice gauge calculations and is 

(3p = (5.6 ± 0.5) X lO-'^GeV^ (23) 
The factors A and of eq(21) are defined by 

2 

^ = 7^rnsm,VlV2iALAs (24) 

B. 1 üííí5[P,B, + ü^aB3,l (25) 



Bji = F{üi, d„ W) + {d, ^ é,) (26) 



where 



F{ui, dj, W) = [Ecos'y_sin'y+f{ui, dj, Wi) + cos'y+sin'y_f{ui, dj, Wi)] 

I5ismfsin25uirj^ . . j tí/n í/- J tí/n 

~2 VfM~^¡ñ^ ~ cos7_cos7+/(míi, dj, W^) 

-{üii -> üi2)\ (27) 

In the above / is given by 

f{üi, dj, Wk) = sin^5uif{üii, dj, Wk) + cos^5uif{üi2, dj, Wk) (28) 
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where 



f{a, b, c) = -^^[^^ln{^) - {rria m,)] (29) 
and 7± = /3+ ± /3_ where 

• (/^ ± ^2) .„„^ 

^^"2/5^ = [44 + (/x±m.)^]V2 (30) 

and 

v^z/± = Mw{sin(3 ± cos/3) (31) 

. -2{At + fictn(3)mt 

sin2óu3 = 2 2 (32) 

mf — m| 

E = 1 , sin2(3 > fim^/Mw 
= -1, sin2(3 < fim^/M^ (33) 

Finally C that enters eq(25) is a current algebra factor and is given by 

327r/2 ms mff 

where the chiral Lagrangian factors fT^,D,F, .. etc that enter the above equa- 
tion have the numerical values: = 139 MeV,D=0.76,F=0.48,m7v=938 MeV, 
mK=^95 MeV, and mB=1154. 

4. Vector Meson Decay Modes of the Proton 

The same baryon number violating dimension six quark operators that lead 
to the decay of the proton into lepton and pseudoscalar modes also lead to 
decay modes with lepton and vector mesons p^] . Although the vector mesons 



are considerably heavier that their corresponding pseudoscalar counterparts, 
decay modes invoving p,K*,uj are still allowed. We hst these below 

ViK* ,i'iP,i'iU;i = e,p,T 

eK* , pK* ,ep, pp,euj, puj (35) 

The quark, KM and third generation enhancement factors for the allowed 
vector meson decay modes is exhibited in table3. The branching ratios for 
the vector meson decay modes are typically smaller than the corresponding 
pseudo-scalar decay modes. 
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Table 3: lepton + vector meson decay modes of the proton 



QTTQY Mndp 


ULlcLilv idL/ljIJio 




Oi U. gjCiici cLLiUii CiiiicLL/VÍiiiciiL 






T/''" T/,, T/o„ 
Vii V21 V22 


U + i/i ¡ 




1 1 Igl 1 Lq 


T/''" T/ni T/00 
V2I V2I V22 


U + 2/2 ) 


hi K* 




T/ni T/nn 
I/3X V2I V22 


U + 2/3 ) 




IfL^lfLc 


1/2 
^^11 ^21 


^ yi ) 


11 n 1/ (,) 


Tfl Tfl 


Vl 1/2 
V21 ^21 


^ ) 


ÜrP, VrüJ 


mbmc 






eK* 


rridmu 


VlVl2 


(1 + 2/*^) 


pK* 


rrismu 




(1 - V^i2^\ - ) 


ep, eoj 


rridmu 




(l-\/nn\-2/n 


pp,puj 


m^mu 


v¡,v¡. 


(1 + 2/^) 



5. Details of Analysis in Supergravity Unification 

Next we discuss the details of the proton decay analysis in supergravity 
unification. As already indicated the low energy SUSY spectrum plays a cru- 
cial role in proton decay lifetime.In fact the spectrum that enters consists of 
12 squark states, 9 slepton states, 4 neutralino states, 2 chargino states, and 
the gluino. There are thus 28 different mass parameters alone. In globally su- 
persymmetric grand unification one has no way to meaningfully control these 
parameters and thus detailed predictions of p decay lifetimes in globally su- 
persymmetric theories cannot be made. In supergravity unified models one 
has a well defined procedure of breaking supersymmetry via the hidden sector 
and the minimal supergravity unification contains only 4 SUSY parameters in 
terms of which all the SUSY masses can be predicted. Thus supergravity uni- 
fication is very predictive. We give below a brief review of the basic elements 
of supergravity grand unification. These are: (1) supersymmetry breaks in the 
hidden sector by a superhiggs phenomenon and the breaking of supersymme- 
try is communicated gravitationally to the physical sector; (2) the superhiggs 
coupling are assumed not to depend on the generation index, and (3) one as- 
sumes the spectrum to be the MSSM spectrum below the GUT scale. After 
the breaking of supersymmetry and of the gauge group one can integrate over 
the superhiggs fields and the heavy fields and the following supersymmetry 
breaking potential in the low energy domain results [|ll|, 0: 



VsB = mlzazÍ + iAoW^3) + BoW^2) + h.c.) 



(36) 



where W^^\W^^^ are the bilinear and trilear parts of the superpotential. 
There is also a gaugino mass term L^ass = — mj/aA"A". At this stage the 
theory has five SUSY parameters mo,mi/2, Ao, Bo,and po- Here po is the 
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Higgs mixing term which along with the other low energy quark-lepton- Higgs 
interactions is given by 

W = fioH,H2 + [Xt;UiH2uf + \ü^d,H,df + X^h,H,df] (37) 

In the above Hi is the hght Higgs doublet which gives mass to down quark and 
leptons and H^ give mass to the up quark. The number of SUSY parameters 
can be reduced after radiative breaking of the electro-weak symmetry. The 
radiative electro-weak symmetry breaking is governed by the potential 



Vh = ml{t)\H,\^ + ml{t)\H2\'' - m¡{t){HiH2 + h.c. 



+ l{g^+gl){\H,\'-\H2\')' + AV, (38) 



where AVi is the correction from one loop, and mf^t) etc are the running 
parameters and satisfy the boundary conditions mf{0) = m^ + /íq;z = 1,2, 
"^3(0) — ~BQfiQ, «2(0) = = (5/3)ay(0). The breaking of the elctroweak 
symmetry is accomphshed by the relations = (/i^ — ^^ta'n? ¡3) / {tan? ¡3 — 1) 
and sin2[3 = (2m|)/(/if -|- /i¡), where /i¿ = mf + Sj and Sj is one loop 
correction from AVi.Using the above relations one can reduce the low energy 
SUSY parameters to the following: 

mf) ,mi/2,Ao, tan(3 (39) 

Another result that emerges from radiative breaking of the electro-weak sym- 
metry is that of scahng.One finds that over most of the parameter space of the 
theory fi^ » M| which gives[H, |6 



~ 3 "^9 (/^ < 0); m^^ ~ -m-g (/i > 0) 
2m¿^ ~ m^^ ~ m2^;mz^ ~ m¿^ ~ m^^ » m¿^ 

m% ~ mA ~ m,H± >> m,h (40) 

Corrections to the above are typically small 0(l//i) over most of the parameter 
space. 

We discuss now the effects of the top quark which play an important role 
in hmiting the parameter space of the model. Contraints from the top quark 
arise because there is a Landau pole in the top quark Yukawa couphng, i.e., 
Fo = Yt/{E{t)Do) where Do = l - QYtF{t) / E{t), Y^ = X\/^ti, Xt{Q) is the 
top-quark Yukawa couphng and is defined by m^ =< H^ > Xt{mt), and the 
functions E(t) and F(t) are as defined in ref||2^.We see from the above that 
the top Yukawa has a Landau pole which appears at 

{ = {^Ti/a^^t^f'^^Y^^t^f'^Mzcosewsin^ (41) 



m 
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where 9w is the weak mixing angle.For some typical values of aa and Mq one 
has ml ~ 200sinp. Now it is found that the same Landau singularity also 
surfaces in the other SUSY parameters because of the coupled nature of the 
renormahzation group equations.Thus, for cxample, the trihnear soft SUSY 
parameter develops a Landau singularity: Aq = Ar/ Dq + Ao{nonpole), and 
An = At — O.dnig, where Aq is the value of A^ at the GUT scale. A similar 
analysis shows that ¡s^ and thus the stop masses become singular.SpecificaUy 
one finds that m?^ = —2x/DQ + m^^{NP) and m?_^ = —x/DQ + m'j^{NP) where 
x^YtAj^F/ E. We notc that the Landau pole contribution is negative definite 
and thus drives the stops towards their tachyonic hmit. EspeciaUy the Landau 
pole contributions to íi are rather large and so its transition to the tachyonic 
hmit is very rapid. Thus the condition that there be no tachyons puts a strong 
hmit on the parameter space. One finds that the aUowed values of A^ he in 
the range —0.5 < At < 5.5. 

6. Discussion of Results 

Figurc la givcs the maximum hfetime of the p — > i/K'^ mode for/x < as 
function of niQ whcn aU other parameters are varied over the aUowed param- 
eters space consistcnt with radiative brcaking of the electro-weak symmetry 
and with the inclusion of the LEP1.4 constraints. The sohd curve gives the 
maximum without the imposition of the cosmological rehc density constraint 
while the dashed curve includes the rehc density constraint. 
Thc sohd horizontal hnc is the current experimental lower hmit for this modc 
from IMB and Kamiokande. We sec that the analysis shows that there exists a 
cosiderable part of the parameter space not yet explored by the current exper- 
iment, which wiU be accessible to SuperKamiokande and ICARUS. Figure Ib 
gives the same analysis when fi > O.Comparison of figs la and Ib shows that 
the current experiment excludes a somewhat larger region of the parameter 
space in m^ íoi fi > than for fi < O.Thus for /x > one eliminates the region 
11 < iOOGeV while for < only the values mo < SOOGeV are eliminated. 
Figure lc gives the plot of the maximum lifetime for the p — > PK mode as a 
function of gluino mass for the case /i < corresponding to Fig la. We see 
that rcgions of the parameter spacc with lifctimcs abovc thc currcnt limits lie 
bclow approximately 400 GeV when thc dark matter constraint is imposed. 
Figure Id is similar to Fig lc except that /i > 0. 

T.Conclusion 

In the above we have given a brief review of nucleon instability in super- 
symmetric unified theories. We have pointed out that no concrete predictions 
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on proton decay lifetimes are possible unless the nature of the low energy 
SUSY mass spectrum which enters in the dressing loop diagrams is assumed. 
Thus no concrete predictions on proton hfetime can be made in globaUy su- 
persymmetric grand unified theories. In contrast one can make predictions in 
supergravity unification since the SUSY breaking spectrum of the theory is 
characterised by four parameters.Further since there are 32 supersymmetric 
particles one has 28 predictions in the model, and thus supergravity granduni- 
fication is very predictive. An updated analysis of p-decay in the minimal 
SU(5) model was given including the constraints of LEP1.4.It is found that 
there exits a significant part of the parameter space which is not yet explored 
by the current proton hfetime hmits on p — vK from IMB and Kamiokande 
but which would become accessible to SuperKamiokande and ICARUS exper- 
iments. Finally we note that the minimal model can correctly accomodate the 
h/r mass ratio[^. However, it does not predict other quark lepton mass ra- 
tios correctly and non-minimal extensions are needed for this purpose. These 
non-minimal extensions also affect the proton lifetime predictions. 
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